Glucose oxidase (GOx) has been immobilized on multiwall and herringbone carbon nanotubes (NTs) for glucose biosensing. Emphasis has been pointed in the effect of the structure and surface chemistry in the biosensor performance. Functionalization with carboxylic moieties renders a better performance than amino groups, and it also improves the performance with respect to that of bare NTs. No relationship was found between sensitivity to glucose and the amount of charge coming from the direct electron transfer between NTs and the flavin adenine dinucleotide (FAD) group of GOx. Based on these results, oxidized herringbones and multiwall NTs were used to prepare electrochemical sensors with different GOx loadings that were tested at positive and negative potentials. At positive potentials, the sensing mechanism is based on the oxidation of H 2 O 2 , and differences in sensitivity are related to the amount of active enzyme loaded on the carbon nanotubes surface. This amount seems to be enhanced by the presence of carboxylic moieties on oxidized NTs, as well as by the homogeneous surface structure and higher surface area of multiwall NTs. In this sense, the homogeneous structure of multiwall NTs seems to be more important than their larger surface area. At negative potentials, the detection mechanism is driven by oxygen consumption during the glucose oxidation. Thanks to the aforementioned reasons, multiwall NTs provide a similar sensibility and working range as herringbone NTs while using half the amount of GOx. These results point out the huge impact of NTs structure and surface chemistry upon the activity of GOx for electrochemical sensors.
Introduction
Research on glucose detection has been in the spotlight for many years because of its implications in diseases such as diabetes and hypoglycemia.
1 They are caused by metabolic disorders in which the body does not produce the necessary amount of insulin for glucose processing, leading to glucose levels out of the normal concentration range in blood (4.0 to 5.9 mM). 1, 2 In this sense, the concept of enzyme electrodes proposed by Clark and Lyons in 1962 1,3 constituted a major breakthrough for glucose sensors. As a result, biosensors based on glucose oxidase enzyme (GOx) are the most used technology to achieve accurate, non-invasive and even continuous monitoring of sugar levels. 4 The use of this specic enzyme leads to an increase in the selectivity and the sensitivity of the sensor, minimizing the possible interferences with other analytes present in biological uids.
5
Glucose oxidase is a avin protein that catalyzes the oxidation of b-D-glucose at its hydroxyl group which, through the participation of O 2 as an electron acceptor, produces D-gluconod-lactone and hydrogen peroxide:
The cofactor avin adenine dinucleotide (FAD) is the active site where the oxidation reaction of glucose takes place. The FAD contains amine groups involved in the glucose oxidation catalysis. 6, 7 Different generations of glucose biosensors that are characterized by different detection mechanisms have been developed.
1,2 First-generation biosensors are based in the detection of the H 2 O 2 produced during the reaction; however, interference problems arise from using positive working potentials, where the competitive oxidation on the electrode of other analytes is frequently found in biological samples. One, if not the most, limiting factor in the glucose biosensors is the electron transfer between the FAD and the electrode surface. This problem is due to the size of the GOx molecule and the thick protein layers covering the FAD redox center, preventing the direct electron transfer (DET). 5, 8, 9 For that reason, the introduction of a mediator (second generation biosensors) has emerged as a good solution that eases achieving an increased response in this type of biosensors, which can work using lower working potential, thus minimizing the interference problems. 10 Finally, in the case of the third generation biosensors, efforts are focused on the elimination of the mediator and the development of a biosensor that can work at low potentials, close to that of the redox potential of the enzyme. 2 In this type of sensors a DET between the glucose and the electrode through the FAD group is proposed for improving their sensitivity. 8, 9, [11] [12] [13] Sensors of this generation are still under development and novel protocols and materials are currently being studied, where nanostructured carbon materials are playing a leading role.
2,14
Nanostructured carbon materials have been extensively studied in the last years for sensing application. 1, [15] [16] [17] [18] Thus, carbon nanotubes (NTs) show outstanding properties such as high electrical conductivity, high surface area, high mechanical resistance and a modiable surface chemistry using well-known chemical and electrochemical methods. [19] [20] [21] [22] [23] They promote the electron transfer reactions between the biomolecule and the analyte, which results in an increase of the selective recognition, and in an enhancement of the detection limit. 17, 24 In order to achieve a successful enzyme immobilization, not only the amount, but also the activity of the immobilized biomolecule must be ensured. 25 In the case of glucose sensors, a large number of procedures have been reported to enhance the immobilization of GOx onto carbon nanotube electrodes, 15 and can be grouped in two main approaches, namely, (i) covalent binding in functionalized NTs, where GOx is directly attached to functional groups previously introduced in NTs. 5, 26 Metal nanoparticles that participates in the sensing mechanism can be also added for this purpose. 15, 27 These methods are considered to be the most effective for enzyme immobilization; (ii) immobilization of GOx within a composite matrix, usually composed by polymers. Immobilization can take place by crosslinking of GOx using glutaraldehyde (GA) or other compounds with functional groups that can be bound on the amino functions of the enzyme, attaching them together and also acting as spacers. 28 It can be also achieved using membranes of polymers permeable to glucose, such as Naon®, 29,30 chitosan 31 and Teon. 32 This approach has been reported to avoid enzyme denaturalization in a larger degree than covalent binding.
33
Surface chemistry of NTs plays a mandatory role in enzyme immobilization. For instance, oxygen and nitrogen functionalities can be introduced in carbon materials. The acidic oxygen groups can interact with the amine groups of the protein chains from the enzyme, allowing a strong interaction by the formation of amide bridges. 5, [34] [35] [36] They also reduce the degree of entanglement of the NTs thanks to the improved dispersability in water, bringing more surface area available for attaching enzymes. 26 The inclusion of nitrogen has also been proposed for this use.
9, 37 The structure of NTs is also known to affect the stability and the conformation of the enzyme. 35, 38, 39 When the size and geometry of NTs is in consonance with that of GOx, it can unfold to some extent, producing conformational changes that leads the protein to match the geometry of the NTs.
39
Moreover, it is proposed that different structural changes are induced in GOx by the distinctive structure on tips and sidewall surfaces of NTs. 38 However, to our knowledge, there is a lack of information regarding the effect of the structure of NTs, which can be strikingly different depending on the method employed in their synthesis.
This work presents the preparation of electrochemical biosensors using nanostructured carbon materials with different structure and surface chemistry, and their performance as glucose biosensors in different electrochemical conditions. For this purpose, GOx has been immobilized on NTs with different structure -multiwall and herringbone structures. Oxygen functionalization of these NTs has been achieved using a chemical oxidation method, while the introduction of 4-aminobenzoic acid (4-ABA) derived functionalities on herringbone carbon nanotubes has been performed by electrochemical treatment. It is demonstrated that the electrochemical response and the sensor performance is greatly affected by the structure and the surface chemistry of the carbon support. Attention has been paid to the relationship between the electrochemical activity of GOx (that is, the charge manifested from the DET between NTs and the FAD/FADH 2 redox pair) and the performance of the biosensor for glucose detection, which has been assessed at positive and negative potentials, corresponding to those used in rst and third sensors generation.
Materials and methods

Materials
Two different carbon nanotubes, multiwall carbon nanotubes (t-NT) and herringbone carbon nanotubes (h-NT) have been used as substrates/transducers along this work. Multiwall carbon nanotubes with a 95% of purity were used without further purication. Herringbone carbon nanotubes were thoroughly washed in 3 M HCl, 6 M NaOH and water to remove impurities, achieving a purity of 93%. 4-Aminobenzoic acid (4-ABA) was purchased from Merck and used as received. Perchloric acid (HClO 4 60%) and nitric acid (HNO 3 65%) were purchased from VWR Chemicals. Potassium dihydrogen phosphate (KH 2 PO 4 ), dipotassium hydrogen phosphate (K 2 HPO 4 ), glucose oxidase from Aspergillus niger (50KU), bovine serum albumin (BSA), glutaraldehyde (GA 50%), and D-(+)-glucose (>99.5%), were purchased from Sigma-Aldrich. All the solutions were prepared using ultrapure water (18 MOhms cm) obtained from an Elga Lab Water. The gases N 2 , and O 2 , (5.0 grade, 99.999% purity, Linde) were used without any further purica-tion or treatment. The textural properties of the materials was assessed by physical adsorption of N 2 at À196 C, using an automatic adsorption system (Autosorb-6, Quantachrome). Prior to measurements, the samples were degassed at 250 C for 4 h.
Apparent surface areas have been determined by BrunauerEmmett-Teller (BET) method (S BET ) and total micropore volume (pores of size < 2 nm) has been assessed by applying DubininRadushkevich (DR) equation to the N 2 adsorption isotherms.
40
The surface composition and oxidation states of the elements of the prepared materials were studied using X-ray Photoelectron Spectroscopy (XPS) in a VG-Microtech Multilab 3000 spectrometer with an Al Ka radiation source (1253.6 eV). Temperature programmed desorption (TPD) experiments were carried out in a DSC-TGA equipment (TA Instruments, SDT Q600) coupled to a mass spectrometer (Thermostar, Balzers, GSD 300 T3). The thermobalance was purged for 2 h under a helium ow rate of 100 ml min À1 and then heated up to 950 C (heating rate 20 C min À1 ).
Functionalization of NTs
The surface chemistry of the NTs was modied aiming to improve the enzyme immobilization. Two functionalization processes were done: (i) chemical oxidation with HNO 3 and (ii) electrochemical functionalization with 4-ABA. 2.3.1. Chemical oxidation with HNO 3 . The chemical functionalization of NTs was performed using a common chemical oxidation treatment. 23 The procedure consisted in mixing the NTs and HNO 3 (65%) as oxidizing agent in a 100 ml beaker. The ratio of carbon mass (g) to the volume of acid (ml) was 1 : 40. The mixture was kept under magnetic stirring at room temperature for 3 h and 6 h for h-NT and t-NT, respectively. Aer the oxidation, several washes with distilled water were done until the pH became neutral. The samples were ready for use aer a complete drying at 120 C overnight, resulting in h-NTOX and t-NTOX samples. 2.3.2. Electrochemical functionalization of h-NT with 4-ABA. A working electrode was prepared from a mixture of h-NT and a binder (polytetrauoroethylene PTFE, 60 wt%, Sigma Aldrich) in a ratio 95 : 5 wt%, respectively. A square-molded portion of the dried paste containing 25 mg and 1.5 cm 2 of this mixture was manually pressed and spread onto each side of a graphite sheet collector to achieve an electrode with a uniform and thin coating of carbon nanotubes. The functionalization of the h-NT was performed in a threeelectrode cell, using the working electrode prepared as mentioned above, a platinum wire as counter electrode and Ag/ AgCl electrode as reference electrode. Potentiodynamic functionalization was achieved by submitting the sample to cyclic voltammetry in a 0.1 M HClO 4 solution containing 1 mM of 4-ABA, where the potential was scanned between 0.5 and 1.4 V (vs. Ag/AgCl) at 10 mV s À1 during 10 cycles. The functionalized material was removed from the graphite sheet, washed with distilled water several times and dried at 100 C overnight. This sample is denoted as h-NT_4ABA.
Electrodes preparation and enzyme immobilization
The electrodes were prepared using dispersions of the carbon nanotubes in water. The concentration was different for each material in order to ensure the homogeneity of the dispersions, 0.5, 0.25, 0.5 and 0.125 mg ml À1 for h-NT, h-NTOX, h-NT_4ABA
and t-NTOX, respectively. In the case of the t-NT, it was not possible to achieve a good dispersion even at very low concentrations, therefore they have been discarded for this study. 10 mg of each carbon material were drop casted from their suspensions (in each suspension, the drop-casted volume was selected in order to attain such amount of material) on a polished glassy carbon surface (3 mm Ø) and dried using an infrared heating lamp. The modied glassy carbon electrode was loaded with different amounts of GOx. The proper amount of GOx solution (10 mg GOx, 40 mg BSA, and 1 ml of 0.1 M phosphate buffer solution -PBS) was casted onto the electrode surface in order to obtain a GOx loading of 6.3 mmol GOx g NT À1 (1 : 1 weight ratio). In the case of the oxidized NTs, GOx loading between 0.3 and 125 mmol GOx g NT À1 were tested for the optimization of sensitivity at positive potentials. Then, a 1 : 1 mass ratio of GA solution (2.5%) to GOx was dropped onto the surface and dried at room temperature for 30 min. GA is known to promote the crosslinking of the enzyme and the support, which enhances the enzyme stability. 41 Thereaer, the electrodes were drop casted with 2 ml of 2.5% Naon® solution in order to further immobilize as much amount of GOx as possible on the electrode, and dried at room temperature. Finally, the electrodes were immersed in 10 ml of 0.1 M PBS solution under stirring for 20 min in order to remove all the unreacted GA and the GOx that was not successfully immobilized. UV-Vis measurements conducted on the washing solution did not show any measurable absorbance due to GOx, which allows us to assume that most of GOx is retained within the electrode. All enzyme-modied electrodes were stored at 4 C in a refrigerator when not in use. The electrodes are denoted as h-X-GY and t-X-GY for the herringbone and multiwall nanotubes, respectively, being X the name of the functionalized material and Y the GOx loading in the electrode in mmol GOx g NT À1 .
Electrochemical measurements
The electrochemical characterization of the electrodes was performed in a Biologic VSP 300 potentiostat using the same standard three-electrode cell conguration already described in Section 2.3.2. The electrochemical behavior was studied by cyclic voltammetry (CV) in 0.1 M PBS (pH 7) electrolyte in N 2 and O 2 -saturated atmosphere at room temperature. The successful immobilization of the GOx has been checked measuring the redox process of FAD/FADH 2 with the scan rate. This study indicates that it corresponds to a surface process. In order to analyze the sensitivity towards the presence of glucose, chronoamperometric experiments were performed in the same system described above in an O 2 -saturated 0.1 M PBS solution at 0.45 V. Successive additions of glucose aliquots (0.1 to 20 mM) were injected into the PBS solution, and the changes in the current associated to the activity of GOx towards glucose oxidation were registered and employed for the determination of the sensitivity of the different sensors. Chronoamperometric experiments at À0.30, À0.40 and À0.45 V were performed using a rotating disk electrode (RDE, EDI101, Radiometer analytical) as working electrode for improving the oxygen mass transfer to the electrodes. The measurements were performed at a rotating speed of 1000 rpm, and successive additions of glucose aliquots from 0.002 to 13.5 mM were injected into the O 2 -saturated PBS solution. The same experiment was replicated in an O 2 -free PBS solution. For this purpose, nitrogen was constantly bubbled in the solution for at least 4 hours until a negligible reduction current at À0.40 V was registered on the working electrode before the addition of the rst aliquot. Nitrogen bubbling was kept in order to ensure the absence of oxygen during the measurements.
Results and discussion
Physicochemical characterization
The morphology of the carbon nanotubes was characterized by transmission electron microscopy (TEM). Fig. 1 shows the TEM images of the pristine carbon nanotubes. From the TEM images it was possible to determine the diameter of the nanotubes, being 20-30 nm and 6-10 nm for the h-NT and t-NT, respectively. The t-NTs have a multiwall structure, formed by several concentric tubes with 3-5 layers. The h-NTs display a stacked herringbone-type conical graphite sheets with a cone angle of $25 to the tube axis. It is possible to observe that t-NTs possess a much more homogeneous surface and a lower amount of surface defects than h-NTs, a feature that can play an important role in GOx immobilization, as will be later discussed. The BET surface areas were calculated for these samples from the N 2 adsorption isotherms of h-NT (with and without oxidation treatment) and t-NTOX (Fig. S1 †) . In the case of h-NT and h-NTOX, BET surface area values of 150 and 145 m 2 g À1 , respectively, were found; for the t-NT and t-NTOX, the surface areas were higher, 407 and 255 m 2 g À1 , respectively. These results are in agreement with the materials structure and the smaller diameter of the t-NTOX. Both NTs have a low contribution of micropores (0.06 cm 3 g À1 for h-NT and h-NTOX and 0.15 and 0.1 cm 3 g À1 for t-NT and t-NTOX).
The surface composition and oxidation states of the elements of the materials were analyzed by XPS. Functionalized samples present an increase in the amount of oxygen and nitrogen contents according to the functionalization procedure (Table S1 †). The oxidation treatment leads to an increase in the amount of oxygen. The carbon nanotubes with herringbone structure show a higher oxidation degree than the multiwall ones, evidenced in a higher oxygen content of the h-NTOX. Functionalization with 4-ABA displays an increase in the oxygen and nitrogen content. A 2.3 at% of nitrogen is found in this sample, related to the 4-ABA functionalities, and the N1s spectrum reveals that the anchorage of the molecule was through the amino group of the 4-ABA molecule.
The formation of different surface oxygen groups aer the functionalization treatment was studied by TPD. Fig. S2 † shows the CO and CO 2 evolution proles for all samples. The amounts of evolved CO, CO 2 and total oxygen are shown in Table 1 . The increase of oxygen amount aer the functionalization treatments leaded to a better dispersibility of functionalized NTs in water. The higher amount of evolved CO 2 has been achieved for the 4-ABA functionalized sample, followed very close by t-NTOX. It has been proposed that amide linkages can be formed between the amino free groups of the protein chains of the GOx and the carboxylic groups of NTs, that are known to desorb as CO 2 during TPD at temperatures between 200 and 400 C. Therefore, a correlation between the amount of evolved CO 2 and the enzyme immobilization in each material would be expected.
Immobilization of GOx
3.2.1. Electrochemical characterization. Fig. 2 shows the cyclic voltammetry in PBS electrolyte recorded for the enzymecontaining (solid lines) and bare (dashed lines) materials. The GOx loading in the preparation of these electrodes was xed to 6.3 mmol GOx g NT À1 for comparison purposes.
The bare (unloaded) NTs show distinct electrochemical behavior depending on the structure and surface chemistry. Thus, h-NT without any modication shows a rectangular shape, which is characteristic of carbon materials where the electrochemical response is dictated by the electrical double layer formation (purely capacitive behavior). In contrast, the other three samples, which were functionalized, show different oxidation-reduction processes. The oxidized NTs (Fig. 2b and d) show a redox peak at ca. 0 V (vs. Ag/AgCl), which is attributed to the quinone/hydroquinone couple, being an expectable outcome of the oxidation treatment, where functionalities that desorb during TPD as CO -regarded as electrochemically active 42 -have been formed on the surface of the carbon nanotubes. On the other hand, the 4-ABA functionalized sample shows a broad redox process between À0.3 and À0.1 V, corresponding to the anchored species over the carbon surface that come from the oxidation of 4-ABA molecule. but the current owing to FAD redox processes varies depending on the substrate. The presence of these peaks has been connected in the past with the DET between the enzyme and the surface of nanostructured carbon materials. 44, 45 The charge associated to the oxidation process has been determined from the area enclosed under the redox peak aer correction of the double layer contribution, being 0.16, 0.29, 0.15 and 0.26 C g À1 for h-NT, h-NTOX, h-NT_4-ABA and t-NTOX, respectively. Considering a 2-electron transfer process for FAD redox activity, the presence of two FAD molecules bound for each GOx unit, and a molecular weight for the unit of 160 kDa, the specic amount of enzyme that is involved in DET processes is 0.83, 1.50, 0.78 and 1.35 mmol GOx g NT À1 for h-NT-G6.3, h-NTOX-G6.3, h-NT_4-ABA-G6.3 and t-NTOX-G6.3, respectively. Thus, the relative amount of enzyme loaded on these carbon materials that is available for DET ranges from 14-15% in the case of h-NT-G6.3 and h-NT_4-ABA-G6.3 to 27-32% for h-NTOX-G6.3 and t-NTOX-G6.3, which conrms that the surface chemistry of the employed materials is affecting the interaction with the enzyme, probably promoting a GOx orientation that enables DET. 3.2.2. Sensitivity towards glucose oxidation. In order to make an initial screening of the catalytic activity towards glucose oxidation, chronoamperometric experiments were carried out at an oxidation potential of 0.45 V. The experiments were performed with all the electrodes showed in Fig. 2 by successive addition of glucose aliquots from 0.5 to 20 mM to an O 2 -saturated PBS solution. The materials without GOx -the control electrodes (dashed lines in Fig. 2 ) -did not show any response in the current signal when varying the glucose concentration, even at high values of 20 mM (not shown), pointing out that the substrates are not able to oxidize glucose by themselves. On the other hand, all samples containing GOx showed a sudden increase in the current with each addition of glucose (e.g. t-NTOX chronoamperometric experiment Fig. 3a) .
The reaction between glucose and GOx involves the reduction of the redox center of the FAD with glucose to give the reduced form FADH 2 , followed by its reoxidation by molecular oxygen to regenerate the oxidized form of the redox center:
A control experiment was conducted on a glassy carbon electrode with the amount of GOx that corresponds to a loading of 6.3 mmol GOx g NT À1 , without the presence of NTs, showing no response upon addition of glucose on the electrolyte. Then, the sensing process under the selected conditions occurs by the electrochemical oxidation of H 2 O 2 formed during the reoxidation of the FADH 2 over the surface of the carbon nanotubes. Chronoamperometric experiments were recorded under the same conditions shown in Fig. 3a for all the GOx-NTs electrodes. Fig. 3b shows the calibration curves obtained for all the electrodes. The sensitivity was determined from the linear region of the calibration curve. Table 2 summarizes the sensitivity and correlation coefficient. The highest sensitivity values were found for the t-NTOX-G6.3, being 2, 4 and 8 times higher than the h-NTOX-G6.3, h-NT-G6.3 and h-NT_4ABA-G6.3, respectively. The sensitivity was found to be especially poor when h-NT_4ABA-G6.3 was selected as substrate, and much larger noise in the current as well as longer stabilization times in each glucose addition were needed for this electrode and for h-NT-G6.3. It is important to note that, under the selected sensing conditions, there is not a clear relationship between an improved DET and the sensitivity of the sensor. This is expected when the sensing mechanism is considered, since it involves oxidation of the H 2 O 2 generated by the enzyme, without the participation of DET. This oxidation will take place at the surface of the carbon nanotubes, allowing fast sensing of the generated H 2 O 2 .
The improved sensitivity found for h-NTOX and t-NTOX samples compared to the non-oxidized ones can be attributed either to the different activity towards H 2 O 2 oxidation of each carbon material or to a higher amount of GOx active towards glucose oxidation (which does not necessarily involve a larger DET contribution) in the oxidized nanotubes thanks to the presence of certain oxygen functionalities that could promote a better enzyme orientation and glucose accessibility. In order to discriminate which effect plays a dominant role, CVs in presence of 3 mM H 2 O 2 were recorded (Fig. S3 † 0.40 V, whereas the current registered at 0.45 V is low and comparable between all samples, pointing a similar catalytic activity for the oxidation of H 2 O 2 . Thus, it is expected that during the glucose sensing tests, the current registered at the electrode, and therefore the sensitivity, will be originated by the amount of active enzyme, which determines the hydrogen peroxide formation rate. The stability of the electrodes towards glucose detection was tested at different times aer their preparation. The electrodes show a good stability, their initial activity is maintained aer 5 days (see Fig. S4 for more ESI †).
Effect of GOx loading
3.3.1. Electrochemical characterization. The effect of the GOx amount loaded during the immobilization of the enzyme has been assessed for the oxidized samples (h-NTOX and t-NTOX), since these samples showed the best sensing activity in the rst screening experiments. The effect of the loading in the DET of the resulting electrodes has also been checked by cyclic voltammetry (Fig. 4) . Table 3 compiles the charges associated with the FAD/FADH 2 redox process. For t-NTOX samples it can be clearly seen that the charge due to the redox processes of FAD increases with the GOx loading from 0.3 to 62.5 mmol GOx g NT À1 ( Fig. 4a and Table 3 ). On the other hand, the correlation is not straightforward for the h-NTOX (Fig. 4b) . This can be attributed to the amount of carboxylic functionalities and also to differences in the structure of the NTs, which can also affect the orientation of the immobilized enzyme. The depth of the redox center lying inside GOx is around 1.3 nm, while the average size of GOx is around 7 nm, so the electron-transfer rate between the FAD group of GOx and the surface of carbon nanotubes is expected to be highly dependent on the orientation of the enzyme with respect to the surface. 8, 46, 47 The specic amount of carboxylic functionalities is related to the evolution of CO 2 during TPD and the surface area of each NT, being 1.80 mmol m À2 for h-NTOX, and 1.33 mmol m À2 for t-NTOX. Given the similar density of functional groups in both samples, the discrepancies found in DET charge upon increasing the GOx loading cannot be explained in these terms, and they are probably related to the different structures of NTs. The surface of t-NTOX is formed by a rolled graphene layer that is a rather homogeneous surface compared to the h-NTOX, which contains a large concentration of edge sites (Fig. 1) . Thus, the orientation and structure of adsorbed GOx on the surface of t-NTOX will be similar when different amounts of GOx are loaded on them, while the more heterogeneous surface of h-NT may induce different orientations, explaining the absence of a clear trend on DET when GOx amount is increased. In addition, the higher surface area of the t-NTOX favors a higher homogeneous loading of the GOx. 3.3.2. Sensitivity towards glucose oxidation. Table 3 summarizes the sensitivity, correlation coefficient and working range obtained from chronoamperometric experiments conducted at 0.45 V for all the electrodes showed in Fig. 4 . Remarkably, all the electrodes were able to detect the addition of 0.1 mM of glucose in the electrolyte. Table 3 shows that the t-NTOX samples have much higher sensitivity than h-NTOX, independently of the amount of GOx. Interestingly, the sensitivity for t-NTOX samples goes through a maximum with the amount of GOx, reaching a lower and nearly constant response for all GOx loadings higher than 6.3 mmol GOx g NT À1 .
These differences among h-NTOX and t-NTOX can be attributed again to the different structure and surface area of both carbon materials. It seems that for h-NTOX, the amount of GOx that can be xed with the adequate orientation is much lower than for t-NTOX due to both the heterogeneous structure and the lower surface area. Further evidences of the improved immobilization of GOx in t-NTOX can be seen in FE-SEM images ( Fig. 5 and S5 †) . Fig. S5 † includes the FE-SEM image for t-NTOX sample for comparison purposes. Unfortunately, the image for unsupported GOx could not be obtained due to the strong agglomeration that occurs when the GOx enzyme is dropped on the microscope support. At low GOx loadings (0.3 mmol g À1 ), the enzyme forms agglomerates on the surface of h-NTOX (Fig. 5a) , while a smooth distribution of GOx is achieved when t-NTOX is used as substrate (Fig. 5b) , what probably delivers a larger amount of active enzyme. It was also found that when GOx is loaded in amounts higher than 6.3 mmol GOx g NT À1 , the surface of the electrodes is fully covered by GOx agglomerates (images not shown), and most of those additional enzymes are either unreachable for glucose or too far from the surface of NTs, so that the diffusion of H 2 O 2 to the NTs is hindered, making those enzymes inactive in terms of the sensitivity of the electrode. These results lead to the conclusion that for both substrates the amount of immobilized and active GOx is maximized using GOx loading between 3 and 6 mmol GOx g NT À1 . As previously mentioned, any further increase would deliver either no more active GOx or even the blockage of immobilized proteins that were previously active, thus rendering no improvement in the electrocatalytic activity towards glucose detection of the electrodes. This is especially remarkable for t-NTOX due to the much more homogeneous distribution achieved in this material.
Assuming that all the BET surface area of these nanotubes would be available for GOx adsorption and that the area covered by a GOx unit adsorbed on the surface of the carbon nanotube through the bridge connecting their two monomers would be around 50 nm 2 , 39 the estimated GOx/NT ratio for achieving full coverage of the surface of carbon nanotubes is 8.5 mmol GOx g NT À1 for t-NTOX, whereas this value would be 5.1 mmol GOx g NT À1 for h-NTOX. These theoretical values are very close to those experimentally determined, 3-6 mmol GOx g NT À1 . It must be noted that the sensitivity divided by the BET surface area, is always higher for t-NTOX (between 1.3 and 4 times higher), showing the relevance of the NT structure on GOx activity. Interestingly, the sensitivity of electrodes prepared with different GOx amounts is not related to the charge associated to FAD redox processes (Table 3) . These results are consistent with the hypothesis that GOx orientation on NTs affects the activity of the enzyme. 8, 46 Thus, GOx can be partially unfolded upon adsorption on the curved surface of carbon nanotubes, facilitating the electrical contact between the FAD and the surface. 46 Unfortunately, the enzyme denaturalization and inadequate orientation would render the loss of GOx activity towards glucose oxidation, 8, 46 explaining the lack of relationship between DET and sensitivity.
3.3.3. Interference study. Until this point, all the experiments were performed at an oxidation potential of 0.45 V. However, interference problems are known to happen at this high potential. 48, 49 The response of an electrode of h-NTOX with 6.3 mmol GOx g NT À1 when 0.1 mM of uric acid and 0.1 mM of ascorbic acid are added aer an initial addition of 1 mM of glucose in PBS has been studied (Fig. S6 †) . The results showed a high increase in the current aer each addition; similar behavior upon the same addition of analytes was found for the other substrates. These results are in agreement with several studies about the detection of uric and ascorbic acid using carbon materials as detectors, in which the oxidation potentials of these compounds were found at potentials about 0.35-0.39 V and 0.20-0.25 V for uric and ascorbic acid, respectively.
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Therefore, under these conditions, the GOx electrodes are not selective towards glucose detection. The use of lower potential during the chronoamperometric experiments to avoid the interferences was tested using 0.15 and 0.25 V (not shown). As expected there was no measurable response for any glucose concentration. It conrms, as it was previously mentioned, that the glucose detection at 0.45 V is being achieved by the detection of the H 2 O 2 formed during the reaction, instead of by DET between the enzyme and the glucose.
Glucose determination using negative potentials
In order to avoid the interferences, chronoamperometric tests at potential of À0.40 V were performed for the h-NTOX-G6.3 and t-NTOX-G3.1 electrodes since they have been found to be the ones with the optimum GOx loading in the previous section. The working potential was selected near the oxidation potential of FAD group as previously detected by CV measurements in Fig. 2. 3.4.1. In an O 2 -free solution. It has been proposed that under DET, the glucose oxidation reaction does not necessarily involve the presence of O 2 for GOx to show catalytic activity. 9 In this case, the enzyme would oxidize the glucose into D-glucono-1,5-lactone with the two protons and electrons being transferred from the glucose to the FAD to form FADH 2 . Then FADH 2 would be oxidized to FAD by DET to the electrode, and therefore the active site of GOx would be regenerated to restart the reaction. The chronoamperometric experiment performed at À0.45, À0.40 and À0.30 V in absence of O 2 did not show any response to the addition of glucose, indicating that, for these substrates, even though the GOx could oxidize glucose through this reaction scheme, the oxidation from FADH 2 to FAD is difficult to occur under these conditions. A similar conclusion was observed by Zhang et al. 50 for layer-by-layer GOx immobilization over single wall carbon nanotubes, where the addition of concentrations higher than 0.1 M of glucose under anaerobic conditions was needed in order to produce a decrease in the current peaks associated to the redox processes of FAD due to the formation of the glucose-FAD complex, proving that either the active sites connected to the electrode are not participating in glucose oxidation, or that the addition of oxygen is necessary in order to increase the oxidation rate of reduced FAD, allowing the regeneration of the active site. In a different work, Wooten et al. 8 reported similar behavior in GOx/t-NTs electrodes, where they showed the absence of glucose detection in absence of O 2 even when DET is achieved. They correlated the loss of the enzyme activity with a high degree of GOx unfolding and unfavorable orientation of the enzyme upon contact with NTs.
3.4.2. In an O 2 -saturated solution. Fig. 6 presents CVs recorded in glucose-free 0.1 M PBS solution for h-NTOX electrodes with (h-NTOX-G6.3) and without GOx (h-NTOX) recorded under N 2 and O 2 atmospheres. It can be seen that at the selected working potential (À0.40 V), both electrodes show an increase in the reduction current when solution is O 2 saturated due to the activity towards oxygen reduction reaction of both carbon nanotubes. Then, in presence of GOx, a fraction of the oxygen in the surroundings of the electrode should be consumed by the enzyme, decreasing the current associated to oxygen reduction over the NTs, Fig. 6 . These results also indicate that in the presence of O 2 , it is possible the reoxidation of FADH 2 without the participation of DET.
13
When the electrolyte is saturated with O 2 by constant bubbling, glucose detection at À0.40 V was easily achieved for both electrodes (h-NTOX-G6.3 and t-NTOX-G3.1) (Fig. 7) . In the presence of O 2 , glucose is oxidized to D-glucono-1,5-lactone again by the action of GOx and the O 2 is reduced to H 2 O 2 by the action of the enzyme, which also leads to the oxidation of the FADH 2 to FAD. A decrease in the reduction current of O 2 is expectable due to the lower O 2 concentration on the proximity of the electrode surface induced by the enzyme activity. 8, 12, 44, [50] [51] [52] Fig. 7a and c shows the glucose detection in an O 2 saturated atmosphere at À0.40 V. A quick response aer the addition of several glucose aliquots is observed. The rst added aliquot for both experiments was 2 mM, however the detection was achieved at higher concentration of glucose. The glucose biosensor prepared using h-NTOX-G6.3 shows a working range between 0.03 and 4 mM (correlation coefficient 0.999), with a sensitivity of 1.07 mA mM À1 and a detection limit of 0.01 mM (experimentally determined). The biosensor based in t-NTOX-G3.1 shows a working range between 0.3 and 7 mM (correlation coefficient 0.998), and a sensitivity of 0.804 mA mM À1 with a detection limit of 0.1 mM (experimentally determined). As it can be seen, the sensitivity of the h-NTOX-G6.3 based biosensor is slightly higher than the one for t-NTOX-G3.1, which could be related to the use of double the amount of GOx in these sensors. However, the working range is reduced. This fact is important depending on the use given to the biosensor, since the conventional blood glucose levels are between 4.0 to 5.9 mM.
2
The t-NTOX biosensor covers this concentration range, while, the h-NTOX based biosensor could be used in uids in which the concentration of glucose is low like perspiration and saliva.
53-55
Differences in working range can be explained by the amount of active enzyme that is available in each electrode. At the selected working conditions (À0.40 V vs. Ag/AgCl, 1000 rpm), NTs are known to present a high catalytic activity towards oxygen reduction reaction, and rotary ring-disk electrode measurements show they work at diffusion-controlled potential region. 43 Contrarily than in the case of glucose detection by H 2 O 2 oxidation at the electrode, this high activity towards the electrochemical reaction involved in the sensing mechanism ensures that the registered current in presence of glucose is governed by the enzymatic kinetics. Considering that the determining step in the overall glucose oxidation reaction is the oxidation of FADH 2 by oxygen, 56 the oxygen consumption rate for FAD regeneration can be assumed to be equal to the glucose oxidation rate, following a Michaelis-Menten mechanism. In it, the reaction rate is proportional to the amount of active enzyme. Moreover, the maximum reaction rate in this mechanism, r max , is dened as the product of the kinetic constant and the enzyme concentration, and is reached when glucose concentration is increased enough to saturate all the available enzymes. Therefore, the current densities registered in the absence of glucose, J 0 and when the sensor is saturated by the presence of a high glucose concentration, J M , could be used for estimating the amount of GOx immobilized in these electrodes:
where F is the Faraday constant, e is the number of electrons transferred in the oxygen reduction reaction, and k cat is the kinetic constant for the FADH 2 oxidation. Since the J M À J 0 value is 5.8 mA for h-NTOX-G6.3 and 8.9 mA for t-NTOX-G3.1, and considering that the electron transfer number during the oxygen reduction reaction could be similar for both electrodes and close to 2 electrons, the same k cat value for both electrodes and GOx loading employed on their formulation (6.3 mmol GOx g NT À1 for t-NTOX and 3.1 mmol GOx g NT À1 for h-NTOX), the amount of active enzyme in t-NTOX-G3.1 is at least 3 times higher than that of h-NTOX-G6.3. This ratio is in good agreement with the sensitivity ratio observed for the same materials at oxidation potentials, Table 3 , and conrms the huge impact of the structure of carbon nanotubes upon the activity of the loaded enzymes. The evaluation of the effect of the presence of different interferents was also performed in these biosensors. The addition of uric acid (0.1 mM) and (0.1 mM) exhibited no modi-cation of the glucose determination in both biosensors. Therefore, they are expected to be reliable for selective glucose detection in biological uids using these conditions.
The differences between samples on the amount and the activity of immobilized enzyme could be used for drawing some conclusions about the different sensitivities achieved in each detection mechanism. In the detection approach by oxidation of H 2 O 2 at positive potentials, the sensitivity is probably controlled by the amount of active GOx (which is unrelated to DET) within the electrode. On the other hand, at reduction potential of À0.40 V, the activity towards oxygen reduction reaction is very high for the NTs electrodes in the selected conditions (Fig. 6) , and glucose detection is driven by changes in the oxygen reduction current (again being unconnected to DET). Sensitivity is therefore related to catalytic activity towards oxygen reduction, rather than to the amount of active GOx in the electrode. The no observation of DET in presence of glucose could be due to the aggregation of the enzyme, being active towards glucose those which are in direct contact with the NTs. However, the DET observed by cyclic voltammetry in absence of glucose corresponds to the enzyme in direct contact with the NTs surface. Nevertheless, the working range is controlled by the amount of active GOx, what can be easily explained in terms of enzymatic kinetics. Since the amount of active enzyme on t-NTOX is higher (due to the reasons assessed in the previous section), sensors obtained using these nanotubes show the highest sensitivity at positive potentials, and a wider working range at negative potentials.
Conclusions
Electrochemical glucose biosensors based on GOx enzyme and NTs with different structures were developed. Several functionalization processes were tested on these materials in order to study the effect of the surface chemistry upon the GOx immobilization and the electrochemical activity towards glucose detection. The successful GOx immobilization was veried by CVs, which demonstrated that DET between the enzyme and NTs is possible, as pointed out by the detection of the FAD electroactive group of the enzyme in all the tested materials.
Different approaches were used to analyze the sensitivity of the biosensors. Chronoamperometric experiments at 0.45 V with several additions of glucose were performed as an initial screening test. The results show that the oxidized NTs are the best substrates for glucose oxidase immobilization for glucose biosensing. This can be attributed to the presence of the oxygen functionalities in the carbon surface, which can promote a suitable enzyme orientation. Functionalization with 4-ABA moieties did not bring an improved immobilization or sensitivity to the resulting GOx-NT_4ABA electrode. The t-NTOX shows a better sensitivity than the h-NTOX. It is important to note that, even though DET increases homogeneously in accordance with GOx loading, no clear relationship between DET and sensitivity has been observed in these electrodes. This could be due to different structure and surface chemistry of the materials, which seems to drive the orientation of the adsorbed enzyme molecules in the surface of the NTs. The homogeneous structure of the t-NTOX allows a better and similar orientation of the GOx compared to the h-NTOX, which have a heterogeneous structure with a large amount of edge sites inducing a different orientation, and more extensive agglomeration, of the GOx. In this sense, the optimum amount of GOx loading during the immobilization step for maximizing the electrode sensitivity towards glucose detection was estimated to be 6.3 mmol GOx g NT À1 and 3.1 mmol GOx g NT À1 for h-NTOX and t-NTOX,
respectively. For all the tested GOx loadings, t-NTOX always shows larger sensitivity values than h-NTOX, even when these values are normalized by BET surface area. This result points out that the NT structure is the most important factor for achieving an adequate enzyme distribution and orientation. The use of a lower potential, closer to the potential of the FAD/FADH 2 redox processes (À0.40 V) was also tested. Experiments in O 2 -saturated solutions leaded to a good response to glucose detection with a high sensitivity, while removing all interference problems. A similar experiment under anaerobic conditions pointed out that oxygen plays a key role in the detection mechanism. In this approach, the detection is done by a net decrease in the current of the O 2 reduction. h-NTOX based biosensor with a sensitivity of 1.07 mA mM À1 and a detection limit of 0.01 mM (0.03-4 mM) was obtained, while the t-NTOX based biosensor, which was constructed using half the amount of GOx, showed a sensitivity of 0.804 mA mM À1 and a detection limit of 0.1 mM (0.3-7 mM). The saturation current of the sensors has been employed for estimating the amount of immobilized GOx, conrming a noticeable higher activity of enzymes loaded in t-NTOX. The results presented in this work show that the combination of a suitable surface chemistry and structure of the carbon nanotubes enhances the activity of the immobilized enzyme associated to the adequate orientation to the surface of carbon nanotube. This combination is directly related to the nal performance of the biosensor, which should be considered in the development of electrochemical sensors using enzymes and carbon nanotubes.
